Introduction sion, a possibility further supported by the finding that vertebrate homologs of UNC-5 are netrin-binding proThe pathway choice of nerve growth in developing nerteins . vous systems depends on guidance cues in the form of Little is known about the signal transduction mechadiffusible or substrate-bound molecules (Tessier-Lavigne nisms underlying the differential responses of different and . These molecules serve as either classes of axons to netrins. At one extreme, the mechaattractants or repellents, thereby influencing the direcnisms involved in attraction and repulsion by netrins tion of growth cone extension. Members of the netrin could be completely distinct, mediated by unrelated refamily of guidance cues function as attractants for sevceptor complexes and unrelated intracellular signaling eral classes of axons extending toward the ventral midpathways in the growth cones. However, the finding in line of the nervous system and as repellents for other nematodes that migrations away from the source of the axons growing away from it. In vertebrates, commissural netrin UNC-6 are also slightly dependent on the function axons originating from the dorsal spinal cord appear to of the DCC homolog UNC-40 (Hedgecock et al., 1990 ) be attracted toward the ventral side by netrin-1 released has raised the possibility that UNC-40 might also be from floor plate cells part of a repulsive receptor complex involving UNC-5 al., 1994 UNC-5 al., , 1996 . Conversely, in tissue culture, netrin-1 and that the signaling mechanisms involved in attraction can repel the axons of trochlear motor neurons and and repulsion might be closely related. Further support branchiomotoneurons, two classes of axons that norfor the idea that mechanisms involved in attraction and mally grow away from the floor plate (Colamarino and repulsion are related has come from recent studies Tessier- Lavigne, 1995; Varela-Echavarria et al., 1997) .
on the chemoattractant effect of brain-derived neuro-A similar bifunctionality has been documented in nematrophic factor (BDNF) on the growth cones of embryonic todes, where the netrin homolog UNC-6 has been impliXenopus laevis spinal neurons in culture. Remarkably, cated in attracting sensory axons to the ventral body the attractive effect of BDNF on growth cones in this culture situation was found to be converted to a repul- ‡ To whom correspondence should be addressed.
sive effect when these neurons were exposed to agents § Present address: Department of Anatomy, Cambridge University, Downing Street, Cambridge, CB2 3DY, United Kingdom.
that inhibit cAMP-dependent protein kinase A (PKA) (Song et al., 1997) . This has suggested a close relationTo examine whether the netrin-1-induced turning response was affected by changes in the activity of cAMPship between signaling mechanisms involved in attraction and repulsion within the growth cone and raised dependent pathways, we applied a specific inhibitor of PKA, KT5720 (200 nM; Kase et al., 1987) , to the culture the possibility that neurons may interpret the same extracellular guidance cue as either attractive or repulsive, prior to the turning assay. Using the same netrin-1 gradient as that described above (5 g/ml in the pipette), we dependent upon the status of cytosolic PKA activity.
In this paper, we explore whether the conversion of observed marked repulsive turning of growth cones of Xenopus spinal neurons away from the pipette. An exan attractant to a repulsive growth cone response can also be demonstrated in the case of netrin-1. It has ample of the repulsive turning together with a composite tracing of a population of neurons is shown in Figures recently been shown that Xenopus retinal growth cones turn toward a microscopic gradient of netrin-1 (de la 1G-1I. In addition, we have also examined the effect of a nonhydrolyzable competitive analog of cAMP, RpTorre et al., 1997 [this issue of Neuron] ). In the present study, we found similarly that netrin-1 induces attractive cAMPS (Rothermel and Parker Botelho, 1988) , which is also known to inhibit PKA. Bath addition of Rp-cAMPS responses of a large majority of growth cones of embryonic Xenopus spinal neurons in culture. However, in the (20 M) resulted in similar repulsive responses in the presence of the netrin-1 gradient as that found for presence of a competitive cAMP analog, Rp-cAMPS, or a specific inhibitor of PKA, KT5720, we observed a KT5720. It has recently been shown that such RpcAMPS treatment abolishes the attractive turning rerepulsive response for most growth cones in the same netrin-1 gradient. The response of a given axon can be sponse of these growth cones induced by a gradient of forskolin (Song et al., 1997) , a drug known to activate rapidly switched from attraction to repulsion, consistent with the suggestion from in vivo experiments in nemaendogenous production of cAMP. Thus, the Rp-cAMPS treatment is indeed effective in competing with endogetodes that receptor mechanisms involved in mediating attractive and repulsive effects of the netrins tap into nous cAMP in these neurons. The turning responses of these growth cones were interconnected signal transduction pathways. Our results also suggest that different guidance behaviors of normally assayed after 1 hr in the netrin-1 gradient. However, the action of netrin-1 was apparent within minutes neurons toward netrin sources in vivo are not necessarily predetermined characteristics of the neuronal phenoafter the onset of the gradient. As shown by the images obtained during the first 20 min in the gradient (Figures type. Rather, cytosolic cAMP-dependent activity, which may depend on coincident signals received by the neu-1J and 1K), for both attractive and repulsive responses, the growth cone exhibited a persistent asymmetry in ron, may be a central determinant of the growth cone's response to netrin-1.
the orientation and the number of filopodia at ‫5ف‬ min after the onset of the netrin-1 gradient. At the present resolution of growth cone morphology, the repulsive Results response appeared to be a mirror image of the attractive response. The behavior during the netrin-1-induced atAttractive and Repulsive Turning tractive response was similar to that found for the rein Netrin-1 Gradients sponse induced by a gradient of glutamate (Zheng et Microscopic gradients of recombinant chick netrin-1 al., 1996) . In the latter study, the presence of filopodia were created near the growth cones of isolated Xenopus was shown to be essential for the growth cone turning spinal neurons in 14-20 hr cultures by repetitive pulsatile response, since elimination of the filopodia by a low application of picoliters of netrin-1-containing saline concentration of cytochalasin B treatment abolished the (Lohof et al., 1992; Zheng et al., 1994; Song et al., 1997) .
turning response without significantly affecting neurite The tip of the micropipette was positioned at a distance extension. of 100 m from the growth cone and at a 45Њ angle with respect to the direction of neurite extension. The direction and total length of neurite extension were meaDependence on Netrin-1 Concentration Previous studies using similar microscopic gradients sured 1 hr after the onset of gradient. When the pipette concentration of netrin-1 was 5 g/ml, we consistently have shown that for the pipette tip positioned at a distance of 100 m from the center of the growth cone, observed a marked chemotropic turning response of the growth cone toward the pipette, as illustrated in the average concentration of the chemical at the growth cone is approximately 10 3 -fold lower than that in the Figures 1A and 1B . The growth cone behavior of a population of neurons is shown by superimposing traces of pipette (Lohof et al., 1992) . To determine the concentration range in which netrin-1 effectively induces turning, individual trajectories of neurite extension over the 1 hr period for a random sample of ten neurons. As depicted we have varied the concentration of netrin-1 in the pipette. The turning response was quantitatively meain Figure 1C , growth cones exhibited a clear bias toward the source of netrin-1 at the end of a 1 hr period in the sured by determining the average turning angle of the growth cone at the end of the 1 hr period in the netrin-1 netrin-1 gradient. As controls, the effect of a gradient of heat-inactivated netrin-1 (75ЊC for 45 min, 5 g/ml) gradient. While clear turning was observed at a concentration of 5 g/ml in the pipette, we found no significant was tested. We found that growth cones exhibited no apparent bias in their direction of extension, with the turning at concentrations of 0.5 g/ml, 1.5 g/ml, or when heat-inactivated netrin-1 (at 5 g/ml) was used. final growth cone positions at the end of the 1 hr period being scattered symmetrically around the original direcIncreasing the netrin-1 concentration from 5 to 10 g/ ml did not further increase the turning response ( Figure  tion of growth (Figures 1D-1F ). 2). This suggests that the effective average concentrapresence of heat-treated netrin-1, there was no statistically significant change in the rate of extension in various tion of netrin-1 at the growth cone is about 5 ng/ml, which is close to that found to promote neurite growth netrin-1 gradients (p ϭ 0.07 at 5 and 10 g/ml, KruskalWallis test, data not shown). in cultures of Xenopus retinal neurons (de la Torre et al., 1997) . This result is consistent with the notion that a threshold number of netrin-1 receptors must be actiDependence on DCC Recent studies have identified a receptor for netrin-1, vated in order for the netrin-1 gradient to exert its guidance effect.
the DCC protein, which is a member of the immunoglobulin superfamily. DCC is a netrin-binding protein, and a In addition to the turning angle, we have also measured the total length of neurite extension during the 1 monoclonal antibody against the extracellular domain of DCC was shown to block the netrin-1-induced neurite hr period. Compared to the growth rate found in the The average turning angle for growth cone responses to netrin-1 gradients created by pipettes containing different concentrations of netrin-1. Closed circles are data obtained in normal culture medium. Data at 0 g/ml were from experiments using heat-treated netrin-1 (5 g/ml). Open circles represent data from experiments in which Sp-cAMPS (20 M) was added in the medium. The error bar represents SEM, and the number associated with each bar refers to the total number of growth cones examined. Values marked with an asterisk were significantly different from the control (heat-treated netrin-1), using the Kruskal-Wallis test (p Ͻ 0.001).
outgrowth of commissural axons from rat spinal cord explants and of retinal ganglion axons from rat retinal explants, as well as the turning of Xenopus retinal axons to a source of netrin-1 (Keino-Masu et al., 1996; Deiner et al., 1997; de la Torre et al., 1997) . In the present study, we have examined whether DCC is involved in either the attractive or the repulsive response of Xenopus neurons induced by a netrin-1 gradient. As shown in Figure 3A , attractive turning induced by netrin-1 was totally abol- growth cones induced by a netrin-1 gradient in this in vitro assay.
Transition between Attractive
addressed this issue by examining the turning response in netrin-1 gradient (5 g/ml in the pipette) in the presand Repulsive Responses Changes in the growth cone turning behavior may deence of increasing concentrations of the competitive cAMP analog Rp-cAMPS. As shown in Figures 4A and pend on the cytosolic cAMP concentration in an "allor-none" or a graded manner, in analogy to either a 4C, there was a clear transition from attractive to repulsive response when the Rp-cAMPS concentration was "switch" or a "dial". In the switch mode, a narrow range of concentration of cAMP may be responsible for increased from 1 to 5 M. The repulsive response quickly reached a plateau level with a Rp-cAMPS level switching between attractive and repulsive responses of similar magnitude. In the dial mode, the neuron may of 5 M, which is similar to the effect of KT5720 (200 nM). The net neurite extension, however, was not significantly respond to the netrin-1 gradient by graded degrees of attraction and repulsion and, in the simplest case, with affected by the drug treatment ( Figure 4B ). Given the 100-fold higher affinity of cAMP for PKA as compared a monotonic dependence on the level of cAMP. We to Rp-cAMPS (Rothermel and Parker Botelho, 1988) , ml in the pipette) was applied to the growth cone of an isolated neuron for 1 hr in normal culture medium, which this result suggests that switching of the turning response from attraction to repulsion can occur with a resulted in an attractive turning response. The tip of the netrin-containing pipette was then repositioned to reduction of intracellular cAMP levels in a narrow range of only 10-50 nM.
a distance of 100 m and at a 45Њ angle with respect to the new direction of neurite extension for another In separate experiments, we examined whether bath application of Sp-cAMPS (20 M), a cAMP analog that hour, during which KT5720 (200 nM) was added to the culture medium. As shown by the example depicted in activates PKA (Rothermel and Parker Botelho, 1988) , can enhance netrin-1-induced attractive responses. As Figures 5A-5D , the attractive response switched to a repulsive response within 60 min after adding KT5720 shown in Figure 4 , there was a small increase in the mean and median turning angle, although the increase (200 nM) to the medium. The transition of the growth cone response from attractive to repulsive turning was was not statistically significant. Under the standard gradient generated by a pipette containing 5 g/ml of nenot accompanied by any significant change in the growth rate. In a separate set of experiments, a netrin-1 trin-1, the attractive response observed in the normal culture medium may have already reached saturation.
gradient was first applied in the presence of Rp-cAMPS (10 M), which resulted in a repulsive response of the We thus examined whether Sp-cAMPS can enhance the attractive response at a lower netrin concentration (0.5 growth cone. At the end of the first hour, Rp-cAMPS was washed out by extensive perfusion with fresh culture g/ml in the pipette) that produced no significant attractive turning in normal medium. As shown in Figure 2A , medium. After repositioning the pipette, the same gradient was then applied for another hour. Extensive washthe attractive response was not significantly affected when Sp-cAMPS (20 M) was applied. Taken together, ing had apparently resulted in a slight inhibition of neurite growth in the second hour. However, a consistent the results from the studies using cAMP analogs suggest that the action of cAMP more closely resembles attractive turning was observed ( Figures 5F-5I ). The results from all dual turning experiments (n ϭ 6) are sumthat of a switch, without significant effects on the sensitivity or the magnitude of the turning response. marized in the composite graphs shown in Figures 5E and 5J. From these experiments, we conclude that the same growth cone can exhibit both attractive and repulDual Turning Experiments Neurons in these Xenopus spinal cord cultures are hetsive responses toward a netrin-1 gradient. Furthermore, the growth cone response to netrin-1 does not become erogeneous in phenotypes (Bixby and Spitzer, 1984a) , and differences in the extent of turning response by desensitized after 1 hr of exposure to the gradient. various neurons might in principle reflect this heterogeneity. However, the marked cAMP-dependent switching
Long-Term Behavior in Gradients
In a gradient created by pulsatile application of netrin-1 of the turning response for essentially all neurons examined argues in favor of a general mechanism operating from a pipette, does the growth cone grow directly toward the tip of the pipette after an initial attractive turnin all neurons in these cultures. To ensure that diametrically different turning behaviors can indeed occur in ing response? In some experiments, we have followed the course of neurite growth in netrin-1 gradients for up the same neuron, we have carried out "dual" turning experiments. First, a standard netrin-1 gradient (5 g/ to 4 hr. Interestingly, we consistently observed that the (F-J) Experiments similar to that described in (A-E), except that Rp-cAMPS (10 M) was in the medium during the first hour and was removed by extensive perfusion of the culture at the end of the first hour.
extension toward the pipette showed a "zig-zag" patregulate the dynamics of actin polymerization and depolymerization (Lankford and Letourneau, 1989) , protern, with alternating periods of attractive and repulsive responses. As illustrated by the example shown in Figure  cesses necessary for local changes of the cytoskeleton associated with growth cone turning. We have examined 6, the growth cone showed repeated turning responses as it grew toward the pipette. Near the pipette, the averthe involvement of cytosolic Ca 2ϩ in netrin-1-induced turning by manipulating extracellular Ca 2ϩ ([Ca 2ϩ ] o ). As age concentration of netrin-1 was likely to be two to three orders of magnitude higher than that at a distance shown in Figure 7 , reduction of [Ca 2ϩ ] o to 1 M significantly increased the rate of neurite extension by about of 100 m (Lohof et al., 1992; Zheng et al., 1994) , and 2-fold, consistent with previous results (Bixby and all netrin receptors on the growth cone are likely to be Spitzer, 1984b) . However, it completely abolished both fully occupied. The extracellular gradient of netrin-1 may the attractive turning toward a netrin-1 source and the thus become ineffective in triggering a gradient of cellurepulsive turning in the presence of Rp-cAMPS (20 M), lar activity across the growth cone at these distances.
with the median turning angles reduced to 2.0Њ and 0.6Њ, For promotion of neurite outgrowth from spinal neurons respectively. This result suggests that in the cascade and retinal neurons in culture, high concentrations of of transduction events induced by netrin-1, the cAMPnetrin-1 were previously found to be ineffective (Serafini dependent switch is downstream of a Ca 2ϩ -dependent et al., 1994; de la Torre et al., 1997) . The continuing step. Using the calcium indicator fluo-3, we did not deattractive response of these growth cones as they tect a change in cytosolic Ca 2ϩ during netrin-1-induced moved up the gradient indicates that adaptation of the turning (data not shown), although small or very local transduction mechanism might be occurring to recover alterations in Ca 2ϩ may have escaped our detection. We the sensitivity of the growth cone toward the netrin-1 noted that the reduction of [Ca 2ϩ ]o and/or the increased gradient.
growth rate in low Ca 2ϩ medium does not block the ability of the growth cone to sense extracellular gradiDependence on Ca 2؉ ents, since these growth cones still exhibit attractive Cytosolic calcium is known to play an important regulaturning responses toward a gradient of neurotrophin-3 tory role in growth cone motility (Kater et al., 1988 
Discussion
commissural axons in vitro (Keino-Masu et al., 1996) . However, it was not clear whether the expression of DCC is necessary to mediate all actions of netrins, inPrevious studies have shown that netrin-1 may serve as either an attractant or a repellent for different populacluding the turning of commissural axons toward a source of netrin. In the present study, the effects of tions of axons, effects that are thought to be mediated by distinct receptor types. The findings described here netrin-1 on the direction of growth cone extension were abolished by the antibody against DCC, indicating that indicate that the same population of axons may exhibit opposite turning responses to netrin-1, depending on these neurons express a Xenopus homolog of DCC (Pierceall et al., 1994) and, more importantly, that this the status of cytosolic cAMP-dependent activity. Cellular effects of a number of extracellular signaling molereceptor is required for both attractive and repulsive turning of growth cones induced by netrin-1. These recules, including hormones, neuropeptides, and neurotransmitters, are known to be mediated by changes sults are consistent with that found for the netrin-1-induced turning of retinal axons (de la Torre et al., 1997) . in the cytosolic concentration of cAMP (Laufer and Changeux, 1987; Cooper et al., 1996; Hempel et al., In C. elegans, the repulsive action of UNC-6 depends primarily on a putative receptor encoded by the unc-5 1997). In addition to diffusible factors, cytosolic cAMP activity may also be modulated by cell-cell or cellgene, but also to a lesser extent on the receptor encoded by unc-40 (Hedgecock et al., 1990) . This has raised the substratum interactions. The action of a guidance cue may thus depend critically on other coincident signals possibility that UNC-5 may form a heteromeric complex with UNC-40. Recently, vertebrate homologs of UNC-5 received by the neuron, which can vary dynamically as the growth cone encounters different environments have been identified, which show specific netrin binding (Ackerman et al., 1997; , thus qualialong its pathway of extension. For example, one can imagine scenarios in which a growth cone is attracted fying them as candidate netrin receptors. The gene encoding one of these, Unc5h1, is strongly expressed in to a "guidepost" cell by a secreted factor, then contact with the guidepost cell results in inhibition of PKA activthe developing ventral spinal cord, including motor neurons. Whether the cultured Xenopus spinal neurons ity, which leads to repulsion of the growth cone by the same secreted factor and its continued journey to the studied here also express UNC-5-like proteins and whether the latter are required, in addition to DCC, for next target.
the repulsive response to netrin-1 remains to be determined.
Receptors Mediating the Netrin-Induced Responses
Two types of netrin receptors, belonging to the DCC It should be noted that neurons in these Xenopus cultures are known to be heterogeneous in cell types, and UNC-5 families, have been identified (Leung-Hagesteijn et al., 1992; Chan et al., 1996; Keino-Masu et al., exhibiting differential responses to various neurotransmitters (Bixby and Spitzer, 1984a ) and large variation in 1996; Kolodziej et al., 1996; Ackerman et al., 1997; . In C. elegans, UNC-40 is required the efficacy of ACh release upon muscle cell contact (Xie and Poo, 1986; Evers et al., 1989). It was thus surfor the presumed attractive actions of the netrin UNC-6 (Hedgecock et al., 1990) . Similarly, an antibody to DCC prising that these neurons exhibited rather uniform attractive responses to netrin-1 in normal culture medium selectively blocked netrin-1-dependent outgrowth of rat intracellular signal pathways for axon guidance. One surprising implication of our findings is that guidance triggered by completely unrelated molecules (BDNF and netrin-1) may share one pathway, while closely related molecules (BDNF and NT-3) may utilize divergent signaling mechanisms.
Previous studies on BDNF-induced turning of growth cones suggest that Ca 2ϩ signaling lies upstream from the cAMP-dependent step in the cascade of events, since attractive turning induced by a forskolin gradient was not affected by removal of extracellular Ca 2ϩ (Song et al., 1997) . A netrin-induced Ca 2ϩ influx may trigger a rise in cAMP through activation of Ca 2ϩ -dependent adenylate cyclases (Yovell et al., 1992; Wayman et al., 1994) , thus creating a cAMP gradient within the growth cone, a condition known to result in an attractive turning response of these Xenopus growth cones (Lohof et al., 1992) . It is possible that a gradient of cytosolic Ca 2ϩ induced by netrin-1 is responsible for triggering the repulsive response of the growth cone, but the effect is normally overridden by the attractive response due to a cAMP gradient generated by the Ca 2ϩ gradient. Inhibition of cAMP-dependent processes by Rp-cAMPS or KT5720 may thus unmask the repulsive action of the cytosolic Ca 2ϩ gradient. In principle, cAMP and the cAMP-dependent protein kinase pathway could regulate either the receptors for different diffusible guidance cues or the activity of the downstream effector molecules activated by these re- may thereby act as a gating mechanism (Iyengar, 1996) , Yao et al., 1995) . In the case of BDNFIt is possible that the culture system used here has induced growth cone turning, the cAMP/cAMP-depensimplified and homogenized the environmental factors dent protein kinase pathway appears to operate not that normally endow various spinal neurons with differmerely as a gating or switching mechanism. Elevating ent levels of PKA activity, which are conditions for the cytosolic cAMP levels by treatment with forskolin or Spdiverse guidance behaviors of spinal neurons observed cAMP caused a potentiation of the attractive response in vivo.
of the growth cones to BDNF gradients created at low concentrations, which normally were ineffective in atSignal Transduction Mechanisms tracting the growth cone (Song et al., 1997) . In the presSimilar to what has been found for gradients of BDNF ent study, we did not find significant enhancement of or ACh (Song et al., 1997) , growth cone turning induced the turning response to netrin-1 gradients by addition by netrin-1 gradients depends on the level of cAMP and of Sp-cAMP (Figures 2 and 4 ). This finding, together exhibits the same requirement for [Ca 2ϩ ]o. Thus, these with the narrow range of Rp-cAMPS by which the turning three molecules may utilize similar signaling cascades response is changed from an attractive to a repulsive to trigger the turning response. In contrast, gradients of response, suggests that the action of cAMP-dependent NT-3, another member of the neurotrophin gene family, activity resembles more closely a switch. were shown to attract growth cones of these Xenopus One group of potential downstream targets of PKA is neurons, but the attractive response was independent small GTP-binding proteins of the rho family, e.g., rhoA, of [Ca 2ϩ ] o and unaffected by PKA inhibitors (Song et al., rac1, and cdc42, which are known to mediate morphological changes by regulating the actin cytoskeleton and 1997). These findings indicate that there exist alternative mM MgCl2, 0.9 mM CaCl2, 5 mM KCl, 4 mM EGTA, and 10 mM to play a role in growth cone turning (Luo et al., 1997) .
HEPES (pH 7.4).
There is evidence that rhoA is involved in mediating growth cone collapse and neurite retraction (Kozma et Production of Netrin-1 Gradients al., 1997). It is known that PKA can phosphorylate rhoA, Chick recombinant netrin-1 was purified by heparin-affinity chromaleading to the translocation of membrane-associated tography (Serafini et al., 1994) from medium conditioned by a human rhoA to the cytoplasm and thus providing an additional embryonic kidney 293 cell line secreting recombinant netrin-1 (Shirasaki et al., 1996) . Microscopic gradients of netrin-1 were produced mechanism for its inactivation. Laudanna et al. (1997) by methods previously described (Lohof et al., 1992; Song et al., have shown recently that cAMP functions as a gating 1997). Repetitive pressure injection of picoliter volumes of solutions element on the chemoattractant-induced rho-depencontaining purified recombinant chick netrin-1 protein was applied dent signaling pathway in leukocytes, since elevation of through a micropipette with a tip opening of ‫1ف‬ m. The pressure cAMP inhibits rhoA activation and integrin-dependent was applied with an electrically gated pressure application system adhesion in these cells. It would thus be of interest to (Picospritzer, General Valve, Fairfield, NJ) . A standard pressure pulse of 3 psi in amplitude and 20 ms in duration was applied to examine whether netrin-1 exerts its effect on growth the pipette at a frequency of 2 Hz using a pulse generator (SD9, cones of these Xenopus spinal neurons through the local Grass Instruments, Quincy, MA). By measuring the size of droplets modulation of members of the rho family.
in mineral oil after 50 pulses of repetitive ejection with the same
The observation that lowering PKA activity converts pressure pulse parameters, the average volume of ejected solution netrin-1-induced attraction into repulsion suggests the per pulse was estimated to be ‫5.1ف‬ pl. Theoretical analysis (Lohof et intriguing possibility that activation of an UNC-5-like al., 1992) and direct measurements of the gradient using fluorescent dyes (Zheng et al., 1994) nopus spinal neurons may express an UNC-5 homolog, and its activation may lead to growth cone repulsion.
Measurements of Neurite Extension and Growth
In this case, the efficacy of UNC-5 signaling must be ways involved in netrin-mediated attraction and repulsion are mechanistically related.
